Abstract The inner ear is a morphologically complex sensory structure with auditory and vestibular functions. The developing otic epithelium gives rise to neurosensory and non-sensory elements of the adult membranous labyrinth. Extrinsic and intrinsic signals manage the patterning and cell specification of the developing otic epithelium by establishing lineage-restricted compartments defined in turn by differential expression of regulatory genes. FGF3 and FGF16 are excellent candidates to govern these developmental events. Using the chick inner ear, we show that Fgf3 expression is present in the borders of all developing cristae. Strong Fgf16 expression was detected in a portion of the developing vertical and horizontal pouches, whereas the cristae show weaker or undetected Fgf16 expression at different developmental stages. Concerning the rest of the vestibular sensory elements, both the utricular and saccular maculae were Fgf3 positive. Interestingly, strong Fgf16 expression delimited these Fgf16-negative sensory patches. The Fgf3-negative macula neglecta and the Fgf3-positive macula lagena were included within weakly Fgf16-expressing areas. Therefore, different FGF-mediated mechanisms might regulate the specification of the anterior (utricular and saccular) and posterior (neglecta and lagena) maculae. In the developing cochlear duct, dynamic Fgf3 and Fgf16 expression suggests their cooperation in the early specification and later cell differentiation in the hearing system. The requirement of Fgf3 and Fgf16 genes in endolymphatic apparatus development and neurogenesis are discussed. Based on these observations, FGF3 and FGF16 seem to be key signaling pathways that control the inner ear plan by defining epithelial identities within the developing otic epithelium.
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Introduction
The inner ear is an elaborate three-dimensional sensory organ that mediates hearing and balance functions. This sensory organ arises from the otic placode, a flat, thickened portion of the cephalic ectoderm located on each side of the developing hindbrain. The otic placode derives from a common Pax2-positiveplacode-epibranchial-epidermis field. FGF and the canonical WNT/b-catenin signaling pathways cooperate to regulate the acquisition of placodeepibranchial fate decisions, assigning specifically otic identity to the dorsalmost part of that Pax2-expressing area (Ohyama et al. 2007; Bok et al. 2007; Hans and Westerfield 2007; Schimmang 2007; Freter et al. 2008; Ladher et al. 2010; McCarroll et al. 2012 ). In the chick, a fate mapping study at the 10-somite stage, using the chick/quail experimental model, has recently shown that the otic placode is included within the cephalic ectoderm facing rhombomeres (rh) 4, rh5, and RhC (Sánchez-Guardado et al. 2014) . Antagonistic local activation/inhibition phenomena could then be directly involved in early differential fates of the otic placode through a flat Cartesian positional model of intercrossing longitudinal and paraneuromeric transverse domains, above all relative to the two main orthogonal body axes, anteroposterior (AP) and dorsoventral (DV) (Sánchez-Guardado et al. 2014) . Thus, the avian otic placode is divided into three longitudinal bands of specification domains, arranged dorsoventrally: (1) the dorsalmost band will generate the endolymphatic apparatus; (2) the middle band will develop into the maculae plus the macular-derived basilar papilla, as well as their attached nonsensory epithelia; and (3) the ventralmost band will generate the cristae and their associated semicircular canals (Sánchez-Guardado et al. 2014) . Knowledge of the accurate topological position of the presumptive domain of each inner ear component within the otic placode is therefore useful to comprehend the early patterning and specification occurring during development of this intricate sensory organ.
The otic placode invaginates and then pinches off to form a simple sac-like otocyst. This otic vesicle subsequently gives rise to a complex three-dimensional sensory organ through various inductive and morphogenetic events, governed by diffusible signals from nearby tissues and the otic epithelium itself involving multi-step mechanisms (Bok et al. 2007; Ladher et al. 2010; Groves and Fekete 2012; Chen and Streit 2013) . Final cell fate specifications, differential growth, and morphogenesis in the developing membranous labyrinth could occur through asymmetric patterns of transcription factors, which provide positional identities according to a compartmental model (Fekete 1996; Brigande et al. 2000; Fekete and Wu 2002) . A complex network of morphogens, such as FGF, RA, WNT, and BMP, determine directly the regionalization of the developing membranous labyrinth (for the chick inner ear, see Wu and Oh 1996; Sánchez-Calderón et al. 2004 , 2007a Stevens et al. 2003; Fekete 2008, 2009; Sánchez-Guardado et al. 2009 . Despite continuing interest in the molecular and cellular mechanisms involved in inner ear patterning and fate specification of the growing membranous labyrinth, a large number of questions remain to be resolved.
Fibroblast growth factors (FGFs) consist of a structurally linked family of 23 members, grouped into seven subgroups according to their sequences and functional (relative mitogenic) properties (reviewed by Imamura 2014; see also Itoh and Ornitz 2004; Zhang et al. 2006) . It is well known that FGF signaling pathways play a key role in the transition from the otic placode to the otic vesicle, as well as in the early patterning of the otic anlagen (reviewed by Chatterjee et al. 2010; Frenz et al. 2010; Ladher et al. 2010; Groves and Fekete 2012; Chen and Streit 2013) . Once the otic vesicle is formed, FGF signaling pathways could determine the early patterning, the specification of sensory versus non-sensory elements, and neurogenesis in the developing otic anlagen. Fgf10 expression in the chick occurs in a narrow ventromedial band of the otic anlagen at the otocyst stage. This Fgf10-expressing area splits repetitively into several separate subdomains as development proceeds, creating six of the eight sensory organs present in birds. Only the lateral crista and the macula neglecta are initially Fgf10 negative, activating Fgf10 expression within them once their specification take place (Sánchez-Guardado et al. 2013) . Additional FGF signaling pathways could also control the arrangement of all these sensory elements in this intricate three-dimensional sensory structure. At the otic vesicle stage, the Fgf8 expression defines a continuous rostrocaudal band located within the Fgf10-expressing domain, contiguous to the Gbx2 domain and overlapping the Otx2 domain at caudal levels (HidalgoSánchez et al. 2000; Sánchez-Guardado et al. 2013 ). This Fgf8-positive patch observed in the otocyst wall could participate in the specification of the macula sacculi and macula lagena, as well as in the medial part of the macula utriculi (Sánchez-Calderón et al. 2002 . Also, Fgf19 expression is present in the developing macula utriculi and macula lagena, as well as in the borders of various developing sensory elements (Sánchez-Calderón et al. 2007a; Sánchez-Guardado et al. 2013) . Therefore, an intricate network of FGF diffusible signals could determine the timetable of sensory specification in the developing otic epithelium.
FGF3 is a strong candidate to govern the induction and early patterning of the otic anlagen from the otic placode to otocyst stages (reviewed in Torres and Giráldez 1998; Cantos et al. 2000; Fekete and Wu 2002; Pickles and Chir 2002; Noramly and Grainger 2002; Fritzsch et al.2006; Sánchez-Calderón et al. 2007b; Schimmang 2007; Whitfield and Hammond 2007; Chatterjee et al. 2010; Frenz et al. 2010; Ladher et al. 2010; Groves and Fekete 2012; Chen and Streit 2013) . In mouse, as development proceeds, Fgf3 is reported to be expressed exclusively in the sensory epithelium of vestibular and cochlea organs (Wilkinson et al. 1989; Pirvola et al. 2000) , both in sensory hair cells and underlying supporting cells (Wilkinson et al. 1989) . Several Fgf3 knockout mice show dysmorphogenesis of the inner ear, presenting diverse defects in the structure of the endolymphatic apparatus (Mansour et al. 1993; Mansour 1994; Hatch et al. 2007) , dilated semicircular canals (Mansour et al. 1993) or even loss of them (Hatch et al. 2007 ), a common utricular and saccular cavity (Mansour et al. 1993 ), an improperly coiled or even dysgenetic cochlea (Mansour et al. 1993; Hatch et al. 2007) , and alterations in the formation of the acoustic and/or vestibular ganglia (Mansour et al. 1993; Hatch et al. 2007 ). However, an Fgf3 knockout mouse strain has no apparent inner ear phenotype (Á lvarez et al. 2003) . These differences in described phenotypes strongly point to different levels of both penetrance and expressivity for these Fgf3 mutant mice (Mansour et al. 1993; Hatch et al. 2007 ). The fact that mouse Fgf3 expression partly overlaps Fgf10 expression and that both signaling pathways activate FGFR2(IIIb) strongly suggest a redundant control of the mammalian inner ear patterning and morphogenesis (Pirvola et al. 2000) .
The FGF16 gene belongs to an FGF subfamily, consisting of FGF9/16/20, with a greater affinity for binding to FGFR2c/3c (Zhang et al. 2006) . In zebrafish embryos, Fgf16 is expressed in the otic vesicle (Nomura et al. 2006) . In mouse, Fgf16 is expressed in the posterior portion of the otic cup and later in the dorsolateral aspect of the posterior otic vesicle, probably regulating cell fate decisions and/or axis formation (Wright and Mansour 2003; Hatch et al. 2009 ). As development proceeds, mouse Fgf16 is expressed in all three cristae and in a portion of the non-sensory semicircular canals, as well as in the cochlear duct (Hatch et al. 2009 ). However, disrupting Fgf16 expression does not leads to any structural or functional otic alterations (Hatch et al. 2009 ). In chick embryos, Fgf16 is first expressed in the developing inner ear, controlling the early patterning of the otic placode and then regulating at least the later specification of the anterior and posterior cristae (Chapman et al. 2006) . Therefore, FGF16 is an excellent candidate to control the early patterning and consequent specification of the developing membranous labyrinth.
The precise involvement of both FGF3 and FGF16 signaling pathways in the specification of sensory and non-sensory epithelia and in formation of the acousticvestibular ganglion, as well as in inner ear morphogenesis, remains to be elucidated. In the present study, we examine the spatial and temporal expression patterns of the Fgf3 and Fgf16 genes in the embryonic chick inner ear by in situ hybridization on serial and parallel cryostat sections from the otic vesicle stage. We compare their expression patterns with that of the Fgf10 gene and 3A10 immunoreactions, useful markers of sensory patches in the developing chick inner ear (Sánchez-Guardado et al. 2013) . The spatial and temporal relationship of the Fgf3, Fgf16, and Fgf10 expression patterns described in this work suggest their implication in an intricate molecular network leading to the specification of sensory and nonsensory elements in the developing membranous labyrinth. This detailed analysis allows us to better understand the specification of the developing membranous labyrinth, as well as to plan subsequent experiments devoted to comprehending the possible roles of FGF signaling pathways in the patterning and morphogenesis of vertebrate inner ears.
Materials and methods

Tissue processing
Chick embryos were obtained from fertilized White Leghorn chick eggs incubated in a humidified atmosphere at 38°C. All embryos were treated according to the recommendations of the European Union and of the Spanish government for laboratory animals. Embryos ranging between stages HH14 and HH34 (Hamburger and Hamilton 1951) , were fixed by immersion, or via intracardiac perfusion, with 4 % paraformaldehyde in 0.1 M phosphatebuffered saline solution (PBS, pH 7.4), at 4°C overnight. The fixed embryos were rinsed and cryoprotected in 10 % sucrose solution in PBS and embedded in the same buffered sucrose solution with added 10 % gelatin. The blocks were frozen for 1 min in isopentane cooled to -70°C in dry ice, and then stored at -80°C. Cryostat serial sections 20 lm thick were cut in the transverse and horizontal planes, mounted as parallel sets on SuperFrost slides, and stored at -80°C until use. Twenty embryos were used per stage.
RNA probes and in situ hybridization procedure
The chick Fgf10 probes were the same as used previously (NM_204696.1; Sánchez-Guardado et al. 2013) . For the chick Fgf3 plasmid, we used BamH1 and T3 enzymes to generate the antisense probes (NM_205327; Paxton et al. 2010) . For the chick Fgf16 plasmid, we used Xba1 and Sp6 enzymes to generate the antisense probes (NM_001044650; Chapman et al. 2006) . All riboprobes were labeled with digoxigenin-11-UTP (Roche, Mannheim, Germany) according to the manufacturer's instructions. In situ hybridization was performed on cryosections following the methods described by co-workers (2009, 2013) . The sections were post-fixed with 4 % paraformaldehyde in PBS for 10 min and then rinsed with PBS for 15 min. The sections were acetylated in a solution containing 234 ml of H 2 O-d, 3.2 ml of triethanolamine (Sigma), 420 ml of 36 % HCl, and 600 ml of acetic anhydride. After acetylation, the sections were permeabilized in 1 % Triton X-100 for 30 min, and then pre-hybridized at room temperature for 2 h in a solution containing 50 % formamide, 10 % dextran sulfate (Sigma), 59 Denhardt's solution (Sigma), and 250 mg/ml t-RNA (Roche), in salt solution. Hybridization was performed with 200-300 ng/ml of the probe in the same hybridization solution overnight at 72°C. After hybridization, the sections were rinsed with 0.2 % SSC at 72°C for 1-2 h, and then twice with a solution containing 100 mM NaCl and 100 mM Tris-HCl (pH 7.5). After treatment with 10 % normal goat serum (NGS) in the same solution for 2 h, sections were incubated overnight with alkalinephosphatase-conjugated anti-digoxigenin Fab fragments (Roche, 1:3500) and then rinsed twice with the same buffer followed by incubation in 100 mM NaCl, 50 mM MgCl 2 , and 100 mM Tris-HCl (pH 9.5). The colouring reaction was developed with NBT and BCIP (Roche). Finally, sections were rinsed with PBS and coverslipped with Mowiol (Calbiochem, Bad Soden, Germany). No signal was obtained with the sense probes.
Immunohistochemistry staining procedure
The immunoreactions were performed following the indications of Sánchez-Guardado et al. (2009 . Briefly, cryosections were washed with PBS and incubated in a solution containing 0.1 M lysine monohydrochloride, 1 % NGS, and 0.25 % Triton X-100 in PBS, to reduce nonspecific background labeling. Sections were incubated with 3A10 [1:40; Developmental Studies Hybridoma Bank (DSHB), University of Iowa, Ames, IA; Catalog # 3A10]. The primary antibody was reacted with biotinylated goat anti-mouse secondary antibody (Sigma, 1:100), and then with ExtrAvidin-biotin-horseradish peroxidase complex (Sigma, 1:200) . All antibodies were diluted in a solution containing 1 % NGS and 0.25 % Triton X-100 in PBS. The incubations were performed without coverslips, and were terminated by rinsing three times with PBS and 0.05 % Triton X-100 (PBS-T). After the immunoreactions, the sections were rinsed three times with PBS-T and then coverslipped with Mowiol.
Antibody characterization
Antibody information was provided in Sánchez-Guardado et al. (2013) . The monoclonal antibody 3A10 was obtained using the ventral spinal cord/cyclophosphamide treatment/ assorted nervous tissue (from chick nervous tissue) as the immunogen. 3A10 is used as a marker for differentiating neurons in the developing chick nervous system (Yamada et al. 1991; Storey et al. 1992; Hill et al. 1995; Perez et al. 1999 ). In the developing inner ear, the 3A10 antibody is a useful tool to label axons of the acoustic-vestibular ganglion (AVG) neurons and to aid in the identification of presumptive sensory epithelia (Adam et al. 1998; Sánchez-Calderón et al. 2004 , 2007b Battisti and Fekete 2008; Sánchez-Guardado et al. 2009 ; see also Fekete 2008, 2009 ).
Imaging
All preparations were photographed with a Zeiss Axiophot microscope equipped with a Zeiss AxioCam camera (Carl Zeiss, Oberkochen, Germany) and AxioVision 2.0.5.3 software, and the images were saved in 4-MB TIFF format. These were size adjusted, cropped, contrast enhanced, and annotated with Adobe Photoshop version 7.0 software (Adobe Systems, San Jose, CA, USA). All illustrations were produced with Adobe Photoshop software.
Results
Fgf3 and Fgf16 expression patterns at the otic vesicle stage (HH20)
It has been reported that Fgf3 expression is absent in the chick otic placode and cup (Karabagli et al. 2002; Aragón and Pujades 2009; Abelló et al. 2010; Paxton et al. 2010) . Therefore, we first studied the Fgf3 expression pattern at the otic vesicle stage. In transverse sections through the rostralmost portion of the otocyst, a strong Fgf3 expression was detected in a small area of the ventrolateral wall (long arrow in Fig. 1a ). Scattered cells with weaker Fgf3 expression were also detected in the ventromedial wall (short arrow in Fig. 1a) . In a more caudal section, Fgf3-labeled cells were exclusively observed in the ventromedial portion of the otocyst (short arrow in Fig. 1d ). In both transverse sections, the Fgf3-positive domains were always included within an Fgf10-expressing sensory domain (between arrowheads in Fig. 1a , c, d, f; Sánchez-Guardado et al. 2013 ). The incipient acoustic-vestibular ganglion had low Fgf3 expression (AVG; Fig. 1a, d ). In addition, Fgf3 transcripts were readily visible in the hindbrain alar plate (asterisk in Fig. 1a) , exclusively in the area separating contiguous rhombomeres, but not in the body of any rhombomere (rh6 in Fig. 1d ; see Aragón et al. 2005) .
In the development of the chick inner ear, Fgf16 expression was previously described from stages HH8 to HH20 (Chapman et al. 2006) . Fgf16 mRNA was detected early in an anteroposterior domain located at the dorsalmost aspect of the presumptive otic placode (stage HH8). Strong Fgf16 expression was described in the dorsal lip of the otic anlagen at an early otic cup stage (stage HH12), extending then ventrally with a weaker expression (stage HH13). By stage HH16, dynamic Fgf16 expression begins to be restricted to two separate anterior and posterior areas (Chapman et al. 2006) . In situ hybridization on serial transverse sections through the anterior and posterior poles of the otocyst (HH20; Fig. 1b , e) showed strong Fgf16 expressions in large portions of the lateral and medial walls of the otic primordium (long arrows in Fig. 1b , e). Fgf16 expression was more evident in the lateral wall than in the medial wall. Low levels of Fgf16 expression were also observed, mainly in ventral contiguous areas (short arrows in Fig. 1b) . At a rostral level (Fig. 1b, c) , the ventral border of the lateral stronger Fgf16-expressing domain was coincident with the lateral border of the Fgf10-positive domain (lateral arrowheads in Fig. 1b, c) , whereas the contiguous ventral weaker Fgf16-positive area was included within the Fgf10-expressing domain (short arrow in Fig. 1b and long arrow in Fig. 1c ). This weaker Fgf16-labeling area (short arrow in Fig. 1b) was coincident with the Fgf3-labeling domain (long arrow in Fig. 1a) . At a caudal level (Fig. 1e, f) , the Fgf16-stained areas (long arrows in Fig. 1e ) were, however, clearly separate from the Fgf10-positive sensory domain (between arrowheads in Fig. 1e, f) .
In horizontal sections, the expression patterns of Fgf3, Fgf10, and Fgf16 were clearly delineated ( Fig. 1g-l) . Fgf3 expression was confirmed in the ventral part of the otic vesicle (long arrow in Fig. 1j ), being absent in its dorsal part (Fig. 1g) . The Fgf3-expressing area showed a sharp lateral border, coinciding with the lateral border of the Fgf10-positive domain (rostral arrowheads in Fig. 1j, l) . Scattered cells showed low Fgf3 expression in the medial wall of the otic anlagen, more perceptible at the caudal pole (short arrows in Fig. 1j ). These scattered Fgf3-positive cells were always located within the Fgf10-expressing domain (between arrowheads in Fig. 1l ). High levels of Fgf16 expression were detected at both the rostral and the caudal poles of the otic anlagen (long arrows in Fig. 1h , k; Chapman et al. 2006) . However, the lateral wall of the otic vesicle showed very low levels of Fgf16 expression in dorsal sections (asterisk in Fig. 1h ), but not in ventral sections (asterisk in Fig. 1k) . Therefore, the rostral and caudal domains of strong Fgf16 expression were connected by this very weak Fgf16-labeled area (asterisk in Fig. 1h ). In the medial wall of the otic vesicle, a large gap of Fgf16 expression was detected in both the dorsal and the ventral aspects of the otocyst (Fig. 1h, k) . It is interesting to note that the presumptive domains of the already differentiated anterior and posterior cristae, Fgf10 positive (between arrowheads in Fig. 1i ; Sánchez-Guardado et al. 2013) , showed evident, although weaker, Fgf16 expression (between arrowheads in Fig. 1h) .
A detailed analysis of ventral sections (Fig. 1k, l ) showed that the strong Fgf16 expression (rostral long arrow in Fig. 1k ) delimited the Fgf3-and Fgf10-expressing domains observed in the rostral aspect of the otocyst (see rostral arrowheads in Fig. 1j-l) . Note that a very weak Fgf16 expression was also identifiable within the anterior Fgf3 and Fgf10 expressing domains (large arrows in Fig. 1j , l for Fgf3 and Fgf10, and short arrow in Fig. 1k for Fgf16). At this level, the caudal Fgf16-positive domain (caudal long arrows in Fig. 1k ) overlapped the Fgf10-positive domain (see caudal arrowheads in Fig. 1k, l) , including the area in which the scattered Fgf3-positive cells were detected (short arrows in Fig. 1j ). In ventral horizontal sections, the developing AVG showed heterogeneous and low levels of Fgf3 expression (AVG in Fig. 1j ), but not of the Fgf16 gene (Fig. 1k) . Figure 5a , b summarizes these results at stage HH20.
Fgf3 and Fgf16 expression patterns at stage HH24
At stage HH24, the inner ear undergoes significant morphogenetic changes. The presumptive territory of almost all sensory patches are clearly identified on sections treated with probes for Fgf10, Cath1, and Bmp4 genes, as well as with 3A10 immunoreactions for otic axons (Sánchez-Guardado et al. 2013) . Horizontal sections through stage HH24 inner ears were used to describe Fgf3 and Fgf16 expression patterns (Fig. 2) . In the vestibular apparatus, Fgf3 expression was observed in the medial portion of the innervated anterior crista (ac; short arrows in Fig. 2a and arrowhead in Fig. 2a 0 ), but not at the poorly innervated posterior crista (pc; Fig. 2a ), both sensory patches being clearly identified by Fgf10 expression (between arrowheads in Fig. 2c ). Horizontal sections across the central part of the vestibule showed that the lateral portion of the macula utriculi was Fgf3 positive (mu; long arrow in Fig. 3d) . Interestingly, the presumptive domain of the Brain Struct Funct (2017) 222:131-149 135 incipient Fgf10-negative lateral crista (Fig. 2f ), which showed a weak Bmp4 expression (Fig. 2d  0 ) and some Cath1-positive cells (Fig. 2d 00 ), develops contiguous to the strongly Fgf3-labeled lateral portion of the macula utriculi (Fig. 2d) . Therefore, a sharp border of Fgf3 expression delimited clearly the Fgf10-expressing macula utriculi and the presumptive domain of the Fgf3/Fgf10-negative lateral crista (see the lateralmost arrowhead in Fig. 2d, f) . The macula sacculi and the macula neglecta were completely devoid of Fgf3 transcripts (ms in Fig. 2d ; mn in Fig. 2d ).
In the vestibule, areas expressing strongly the Fgf16 gene (long arrows in Fig. 2b ) bordered the Fgf10-positive anterior and posterior cristae (ac and pc; between arrowheads in Fig. 2b, c) . Some scattered cells expressing weakly the Fgf16 gene were detected within the anterior and posterior cristae (ac and pc in Fig. 2b ; also arrowheads in Fig. 2b 0 ). However, the incipient lateral crista and an area contiguous to it strongly expressed Fgf16 (lc and long arrow in Fig. 2e for ac) . Therefore, it is worth noting that the Fgf16-positive lateral crista and the Fgf3/Fgf10-positive macula utriculi were clearly delimited by a sharp Fgf3/ Fgf16 boundary (lateralmost arrowheads in Fig. 2d-f) . Some embryos treated with Fgf16 probes showed extremely low, or almost undetectable, levels of Fgf16 expression in the macula utriculi at this developmental stage (not shown). In the caudalmost aspect of the otic rudiment, the macula neglecta was stained by low levels of Fgf16 expression (mn in Fig. 2e ).
In the cochlear duct (cd), the presumptive domain of the basilar papilla is easily recognized by strong Fgf10 expression (between arrowheads in Fig. 2i, l) . Regarding Fgf3 expression, the caudal part of the Fgf10-positive basilar papilla was Fgf3 positive (bp; Fig. 2g , i, j, l). Concerning the Fgf16 gene, a rostral Fgf16-expressing area (long arrow in Fig. 2h ) bordered the Fgf10-positive basilar papilla in the proximal cochlear duct (see the rostralmost arrowheads in Fig. 2h, i) . This rostral Fgf16 expression was absent in the distalmost cochlear duct (Fig. 2k) . In the caudal pole of the otic anlagen, a dorsoventral band of weak Fgf16 expression could also be detected (short arrows in Fig. 2h, l) . The weaker Fgf16 expression partially overlapped the basilar papilla (short arrow in Fig. 2h, k) , Fgf10/Fgf3-positive (Fig. 2g, i, j, l) .
The acoustic-vestibular ganglion (AVG) showed a weaker expression of the Fgf3 gene (asterisks in Fig. 2d,  g ), the Fgf16 expression being completely absent in it (asterisks in Fig. 2e, h) 
Fgf3 and Fgf16 expression patterns at stage HH27
At stage HH27, the morphogenetic progress was more evident and all of the sensory epithelia could be easily recognized by Fgf10 expression and/or sensory patch innervation. To better recognize the possible weak expression of the Fgf3 and Fgf16 genes, 3A10 immunoreactions were not performed except when confirmation was required. In horizontal sections through the dorsal aspect of the stage HH27 inner ear, Fgf3 expression was detected within the anterior and posterior cristae (ac and pc; Fig. 3a) , both sensory patches being Fgf10 positive (between arrowheads in Fig. 3a, c) . These sensory patches were bordered by domains expressing the Fgf16 gene (long arrows in Fig. 3b ), areas corresponding with the proximal portions of the developing vertical pouch (vp; Fig. 3b, c) . These two cristae were apparently devoid of Fgf16 expression (between arrowheads in Fig. 3b ), although we cannot exclude the presence of very low amount of Fgf16 transcripts (Fig. 3b) . At this level, a portion of the developing horizontal pouch can be observed that showed very low Fgf16 expression (hp; Fig. 3b ). The macula neglecta was Fgf16 positive (mn in Fig. 3b 0 ). In more ventral horizontal sections through the central portion of the vestibule (Fig. 3d-f ), Fgf3 expression was also clearly detected in the (medial) border of the developing Fgf10-positive lateral crista (lc; Fig. 3d, f) . The developing lateral crista was Fgf16 negative (between arrowheads in Fig. 3e ), similar to the other cristae (ac and pc in Fig. 3b ). Its associated horizontal pouch showed heterogeneous Fgf16 expression (hp; long arrow in Fig. 3e) , in some ways similar to the vertical pouch (vp; Fig. 3b) . Note that the border between the lateral semicircular system and the utricule was clearly defined by a markedly higher level of Fgf16 expression (short arrow in
Transverse (a-f) and horizontal (g-l) sections through the inner ear at stage HH20, indicated in h/k and b, respectively (see also Fig. 5a , b for horizontal sections). The probes used are indicated in each column. The Fgf10 expression defines the continuous anteroposterior sensory domain (between arrowheads in c, f, i, l). Fgf3 expression was observed in the anteroventral portion of the otic anlagen (long arrows in a, j). Scattered cells with weak Fgf3 expressions were also detected in the medial wall (short arrows in a, d, j). Fgf3 expressions were always included within the Fgf10-positive sensory domain (see arrowheads in a, c, d, f, j, l). Heterogeneous Fgf16 expression was detected at the anterior and posterior poles of the otic vesicle (long arrows in b, e, h, k), with the anterior and posterior cristae being included in them (ac and pc in h). The lateral wall was weakly labeled by the Fgf16 expression dorsally (asterisk in h), but not ventrally (asterisk in k). No Fgf16 expression was detectable in a portion of the medial wall (h, k). The stronger Fgf3-expressing anterior area (long arrows in a, j) showed weak Fgf16 expression (short arrows in b, k).
The arrowheads point to the boundaries of Fgf10 expression, with some aspect of Fgf3 and Fgf16 expression patterns being note. Fgf3 expression was also observed in the developing acoustic-vestibular ganglion (AVG; a, d, j). In the neural tube, Fgf3 expression was detected exclusively in the ventral part of interneuromeric areas (asterisk in a, d). For the abbreviations, see the list. Orientation: D dorsal, M medial, R rostral. Scale bar 8.3 lm in f (applies to af) and 12 lm in l (applies to g-l) Fig. 3e ). In relation to the utricule (u; Fig. 3d ), the macula utriculi showed strong Fgf3 expression (mu in Fig. 3d ).
The wall of the utricule showed different levels of Fgf16 expression (u in Fig. 3e ). The macula utriculi was devoid of Fgf16 expression (mu; Fig. 3e ). In the saccule, the macula sacculi displayed slight Fgf3 expression in its anterior part (ms in Fig. 3d, f) , this macula being Fgf16 negative (ms in Fig. 3e, f) . The saccular epithelium showed a clear Fgf16 expression in the area contiguous with the utricle, more evident in its caudal portion (asterisks in Fig. 3d-f ).
In the proximal cochlear duct (Fig. 3g-l) , Fgf3 expression was detected in the rostral portion of the Fgf10-expressing basilar papilla (bp in Fig. 3g ; between arrowheads in Fig. 3g, l) . In the distalmost cochlear duct, the entire basilar papilla was Fgf3 positive (bp in Fig. 3j, l) . The adjacent macula lagena was clearly labeled by Fgf3 expression (ml inFig. 3j). Regarding the Fgf16gene, Fgf16 transcripts were located in the developing macula lagena (ml in Fig. 3k ) and in a very small portion of the basilar papilla (bp; short arrow in Fig 3h; not considered in Fig. 5e ). Due the proximity of the basilar papilla and the macula lagena in the distalmost cochlear duct, we performed in situ hybridization in a transverse section to confirm the Fgf3, Fgf16, and Fgf10 expression patterns, aided also by 3A10 immunoreactions (Fig. 3m-o) . Fgf3 expression was detected in the distalmost basilar papilla and in the proximalmost macula lagena (bp and ml in Fig. 3m ), whereas Fgf16 transcripts were observed exclusively in the proximalmost macula lagena (ml in Fig. 3n ), the two sensory elements being identified by different Fgf10 and innervation patterns (Fig. 3o) . Figure 5e , f summarizes these results at stage HH27.
Fgf3 and Fgf16 expression patterns at stage HH34
Horizontal sections through stage 34 inner ears showed that, in the vestibular portion, Fgf3 expression was present in all Fgf10-positive cristae (ac, pc, and lc; between arrowheads in Fig. 4a, c, d, f, g, i) . Fgf16 transcripts were detected in the ampullae epithelium, encircling each crista (long arrows in Fig. 4b, h ) and in a small portion of the contiguous semicircular canals (not shown; see Fig. 5g, h) . Surprisingly, some cells within the cristae domain, adjacent to its borders, expressed weakly the Fgf16 gene (short arrows in Fig. 4b, e ; results not considered in the summarizing Fig. 5g, h ). At this developmental stage, the Fgf10-positive macula neglecta can also be clearly observed next, and slightly ventral, to the posterior crista (mn and pc; Fig. 4d-f ). This vestibular element showed very low levels of Fgf16 expression (mn in Fig. 4e) , and was Fgf3 negative (mn in Fig. 4d ). In the utricule (u; Fig. 4g-i) , the macula utriculi showed obvious Fgf3 expression (mu; Fig. 4g ). The rest of the utricular wall was Fgf3 negative (Fig. 4g) . Fgf16 expression was detected in the utricular epithelium, particularly in its lateral part, abutting caudally the Fgf3-expressing macula utriculi and extending laterally towards the lateral semicircular system (long arrow in Fig. 4h ). In the saccule, the macula sacculi presented Fgf3 transcripts in its anterior portion (mu in Fig. 4g ). Interestingly, this Fgf3-expressing area in the saccular macula was contiguous to a dorsoventrally oriented narrow band of low Fgf16 expression in the anterior saccular wall (short arrow in Fig. 4h ). The macula sacculi was consequently Fgf16 negative (Fig. 4h) .
In horizontal sections through the proximalmost part of the cochlear duct, near the saccule (cd and s; Fig. 4g-i 
), no
Fgf3 expression was detected in the cochlear duct (cd; Fig. 4g ), although a very low level of Fgf16 expression occurred in its medial wall (asterisk in Fig. 4h ). In more ventral sections through the cochlear duct, the basilar papilla was easily identified (bp; Fig. 4j-o) . Fgf10 expression strongly labeled the sensory basilar papilla (pb; between arrowheads in Fig. 4l, o) and a contiguous strip of non-sensory epithelium along the neural edge of the basilar papilla (long arrow in Fig. 4l ; see Sánchez-Guardado et al. 2013) . Fgf3 expression was present in the cochlear duct (Fig. 4j, m) . Note that Fgf3 transcripts were detected in the rostral half of the basilar papilla (bp in Fig. 4j, l) and in the adjacent non-sensory epithelium (long arrows in Fig. 4j, l) . Fgf16 expression was absent at the level of the developing basilar papilla (Fig. 4k, n) . Regarding the Fgf10-positive macula lagena, which develops in the distal cochlear duct (ml; Fig. 4m-o) , this sensory patch had a few Fgf3-expressing cells on its ventral border (short arrow in Fig. 4m ). Interestingly, Fgf16 expression was maintained in this sensory patch, with a stronger expression where the Fgf3 gene was expressed (short arrow in Fig. 4n) .
The acoustic ganglion, strongly labeled by the Fgf10 expression (Fig. 4l) , had a reduced group of cells expressing the Fgf16 gene (long arrow in Fig. 4k ), but Fgf3 expressing cells were not detected in this sensory ganglion at this developmental stage (AG in Fig. 4j ). Figure 5g , h summarize these results at stage HH34.
Discussion
It is well known that hindbrain-derived FGF3 is directly involved in otic placode induction and specification, in addition to otic anlagen patterning at early developmental stages, following multi-step mechanisms (Torres and Giráldez 1998; Cantos et al. 2000; Fekete and Wu 2002; Maroon et al. 2002; Noramly and Grainger 2002; Pickles and Chir 2002; Ladher et al. 2005 Ladher et al. , 2010 Fritzsch et al. 2006; Sánchez-Calderón et al. 2007b; Schimmang 2007; Whitfield and Hammond 2007; Chatterjee et al. 2010; Frenz et al. 2010; Urness et al. 2010; Groves and Fekete 2012; Chen and Streit 2013) . Restricted Fgf3 expression patterns in the adjacent developing hindbrain confirm this statement in several vertebrate species (zebrafish: Phillips et al. 2001; Kwak et al. 2002; Leger and Brand 2002; Maroon et al. 2002; Maves et al. 2002; Walshe et al. 2002; Xenopus: Lombardo et al. 1998; chick: Mahmood et al. 1995; Aragón et al. 2005; Kil et al. 2005; Aragón and Pujades 2009; Abelló et al. 2010; mouse: Mahmood et al. 1996; Mckay et al. 1996; Pirvola et al. 2000; Wright and Mansour 2003; Lin et al. 2005; Hatch et al. 2007 ). FGF3 might also participate in the complex network of intrinsic diffusible signals from the otic placode itself. Fgf3 expression was reported in this two-dimensional structure in mouse embryos (Mahmood et al. 1996; Mckay et al. 1996; Á lvarez et al. 2003; Wright and Mansour 2003; Vazquez-Echeverría et al. 2008; Domínguez-Frutos et al. 2009 ). However, other works did not detect any Fgf3 expression in the chick otic placode (Karabagli et al. 2002; Aragón and Pujades 2009; Abelló et al. 2010; Paxton et al. 2010) , zebrafish (Kwak et al. 2002) , or Xenopus embryos (Lombardo et al. 1998) . We cannot rule out, therefore, the existence of different molecular mechanisms governing the early patterning of the otic placodes of mammalian and non-mammalian vertebrates.
In the otic vesicle, the Fgf3 expression reported in its ventromedial portion has, however, a pattern common to all vertebrates analysed (zebrafish: Walshe and Mason 2003; Millimaki et al. 2007; Hammond and Whitfield 2011; Sweet et al. 2011; Xenopus: Lombardo et al. 1998; mouse: Wilkinson et al. 1989; McKay et al. 1996; Pirvola et al. 2000; Riccomagno et al. 2002; Ozaki et al. 2004; Zheng et al. 2003; Powles et al. 2004; Raft et al. 2004; Arnold et al. 2006; Lillevali et al. 2006; Hatch et al. 2007; Frenz et al. 2010; and chick: this work) . The Fgf3 and Fgf10 co-expression in the anterior part of the otic vesicles trongly suggests a redundant function of the two signaling pathways, FGF3 and FGF10, in otic epithelium patterning (Pirvola et al. 2000; Zheng et al. 2003 ; this work), probably down-regulated by retinoic acid (Frenz et al. 2010) . This Fgf3 expression is also coincident with the neurogenic Lfng-expressing domain in the anterior aspect of the otocyst (Riccomagno et al. 2002; Ozaki et al. 2004; Lin et al. 2005; Hatch et al. 2007) , whereas Tbx1 expression is observed in its posterior portion, the later being complementary to the NeuroD/Lfng/Fgf3 expressing domain (Raft et al. 2004 ; see also Abelló et al. 2007 ). All these findings strongly confirm the involvement of FGF3 in otic sensory specification and neurogenesis at least at the otocyst stage. Due to the existence of scattered Fgf3-positive cells in the posterior-medial wall of the otic vesicle, we cannot exclude, however, an additional implication of FGF3 in otic specification (this work).
Mouse Fgf16 is weakly expressed in the entire otic placode, in the posterior pole of the invaginating otic cup, and in the posterolateral wall of the otic vesicle, suggesting a possible role in otic cell fate decisions as well (Wright and Mansour 2003; Hatch et al. 2009 ). In birds, its expression is first detected in the chick otic placode (stage HH8/9), forming an anterior-to-posterior strip just in its dorsalmost aspect (Chapman et al. 2006) . Fgf16 expression is then restricted to the dorsomedial lip of the developing otic cup (HH12) with a weaker expressing domain extending ventrally (HH13; Chapman et al. 2006) . At the otic vesicle stage, its dynamic expression leads to a stronger expression at both anterior and posterior poles of the otocyst (Chapman et al. 2006; this work) , showing a similar expression pattern to those of the Bmp4 and PDGF genes Chapman et al. 2006) . Therefore, Fgf16 is also a strong candidate to govern specifically the early patterning of the otic anlagen in different groups of vertebrates, probably following dissimilar molecular mechanisms.
Specification of the endolymphatic apparatus
The endolymphatic system, a non-sensory element involved in the fluid homeostasis of the inner ear, develops from a dorsally projecting appendage located in the dorsomedial part of the otic vesicle (Sánchez-Guardado et al. 2009 ). It is widely accepted that FGF3 is directly implicated in the endolymphatic apparatus specification. Although Fgf3 knockout mice show an apparent normal development of the otic vesicle, these mutants do present a dysmorphogenesis or loss of the endolymphatic apparatus (Mansour et al. 1993; Mansour 1994; Hatch et al. 2007 ). This phenotype is similar to that observed after FGFR2b(IIIb) disruption, the receptor for FGF3 (Pirvola et al. 2000) . Fgf3
-/-/Fgf10 -/? mutant embryos also display an absence of the endolymphatic duct (Zelarayan et al. 2007 ). Because Fgf3 expression has not been reported in the developing endolymphatic system in mice at later developmental stages (Wilkinson et al. 1989; McKay et al. 1996; Pirvola et al. 2000) , FGF3 from the adjacent developing hindbrain at the otic placode and cup stages would seem to be directly involved in the early specification of the endolymphatic apparatus (Mansour et al. 1993; Mckay et al. 1996; Hatch et al. 2007; Vazquez-Echeverría et al. 2008 ; see also Wright and Mansour 2003; Domínguez-Frutos et al. 2009; Abelló et al. 2010) . The distension of the endolymphatic duct following the ectopic expression of b Fig. 3 Fgf3 and Fgf16 expression patterns at HH27. a-l Horizontal sections through the inner ear at stage HH27, indicated in Fig. 5e , f. The probes used are indicated in each column. The Fgf10 expression pattern defines the sensory patches (between arrowheads). The Fgf3 transcripts were detected in all cristae (ac, a; pc, a; lc, d). The entire macula utriculi and a part of the macula sacculi showed Fgf3 expression (mu and ms in d). In the cochlear duct, the developing basilar papilla and the macula lagena showed Fgf3 transcripts (bp and ml in g, j). Regarding the Fgf16 gene, strong Fgf16 expression was observed in the areas bordering all Fgf10-positive cristae (long arrows in b, e). The short arrow in e points to the border between the lateral semicircular system and the utricule. In the utricule (u) and saccule (s), parts of their walls were labeled by the Fgf16 expression (u and asterisk in e). The macula neglecta and macula lagena were Fgf16 positive (mn in b 0 ; ml in k). The utricular and saccular maculae were Fgf16 negative (mu and ms in e). The basilar papilla showed some Fgf16-staining cells (short arrow in h). m-o transverse sections treated with 3A10 immunoreactions, showing the Fgf3/Fgf16-positive macula lagena and the portion of the basilar papilla. For the abbreviations, see the list. Orientation: M medial, R rostral. Scale bar 27 lm in l (applies to a-l) and 20 lm in o (applies to m-o) Fig. 4 Fgf3 expression pattern at HH34. Horizontal sections through the inner ear at stage HH34, indicated in Fig. 5g , h. The probes used are indicated in each column. The borders of each Fgf10-positive sensory elements are indicated by arrowheads. Fgf3 expression was detected in all cristae (ac, lc, and pc; a, d, g). The entire macula utriculi was Fgf3 positive (mu in g). The rostral half of the macula sacculi showed a clear Fgf3 expression (ms in g). In the cochlear duct, the rostralmost portion of the basilar papilla (bp in j, l, m, o) and the contiguous non-sensory epithelium (long arrows in j, l) were Fgf3 positive. The macula lagena showed a few Fgf3-positive cells ventrally (short arrow in m). The Fgf16 expression was observed in the non-sensory epithelium bordering all cristae (long arrows in b, h), as well as in part of the epithelium delimiting the utricular and saccular maculae (short arrows in h for the ms). A few Fgf16-expressing cells were observed in the border of the cristae (short arrows in b). The Fgf3-negative macula neglecta displayed a very weak Fgf16 expression (mn in d, e). Most of the cochlear duct was devoid of Fgf16 transcripts (cd; k, n), except for the macula lagena (ml in n). The acoustic ganglion showed a reduced group of Fgf16-expressing cells (AG; long arrow in k). For the abbreviations, see the list. Orientation: M medial, R rostral. Scale bar 45 lm in f (applies to d-f), 33 lm in i (applies to a-c, g-i), 18 lm in l (applies to j-l), and 14 lm in o (applies to m-o) Fgf3 in the chick hindbrain fits well with this assumption (Vendrell et al. 2000) . In addition, the lack of the endolymphatic duct in several hindbrain mutants such as Hoxa1 -/- (Lufkin et al. 1991) , Kreisler (McKay et al. 1996; Choo et al. 2006 ) and in dreher (Koo et al. 2009 ) mutants is consistent with this statement as well. It is also interesting to note that Wnt1 -/-/Wnt8a -/-mutant mice show a reduced endolymphatic apparatus, suggesting also a requirement of the WNT signaling pathway for the dorsal patterning of the otic anlagen (Vendrell et al. 2013 ; see also Riccomagno et al. 2005 and discussion in Sánchez- Guardado et al. 2014) . In birds, the endolymphatic apparatus arises from one of the anteroposterior orientated bands into which the chick otic placode is subdivided. In particular, its presumptive domain corresponds to the dorsalmost stripe, just adjoining the neighbouring developing neural tube and far from the pharyngeal endoderm (Sánchez-Guardado et al. 2014) . Interestingly, the Fgf16-expressing stripe observed in the chick otic placode (stage HH8/9), anterior-to-posteriorly oriented (Chapman et al. 2006) , could correspond to that presumptive domain from which the endolymphatic apparatus arises (Sánchez-Guardado et al. 2014 ). In addition, the restriction of Fgf16 expression in the dorsomedial lip of the otic cup (Chapman et al. 2006 ; HH12-13) suggests a possible involvement of Fgf16 in the specification of this non-sensory component of the avian inner ear.
Specification of the maculae
The complex network of FGF diffusible signals could also determine the specification of maculae, sensory patches of the membranous labyrinth devoted to linear motion detection. In the chick, the Fgf10-expressing sensorial area present in the ventral wall of the otocyst splits repetitively into several disconnected subdomains as development proceeds, creating six of the eight sensory organs present in birds. Only the presumptive domain of the macula neglecta and the lateral crista start from being Fgf10 negative to become Fgf10 positive after their specification as sensory elements (Sánchez-Guardado et al. 2013) . Also, Fgf8 could participate in the arrangement of the macula sacculi and macula lagena, as well as in the specification of the medial part of the macula utriculi (Sánchez-Calderón et al. 2002 . Besides, Fgf19 expression could regulate the development of both the macula utriculi and the macula lagena (Sánchez-Calderón et al. 2007a; Sánchez-Guardado et al. 2013) . In this developmental context, FGF3and FGF16 could also contribute to the maculae specification. Experimental and descriptive evidence strongly supports this hypothesis. In Fgf3 mutant mice (int-2 neo ), the utricle and saccule do not show any indication of a separation into two parts (Mansour et al. 1993 ). In the most common phenotype exhibited by affected Fgf3 mutants, the utricle and saccule are fused with the enlarged cochlear duct (Hatch et al. 2007 ). In chick embryos, the Fgf3 gene is expressed in the entire macula utriculi and in the rostral part of the macula sacculi (this work). Interestingly, an evident Fgf16 expression delimited the presumptive territories of these maculae, entirely in the case of the macula utriculi and partially in that of the macula sacculi. The macula neglecta and macula lagena were included in areas with very weak Fgf16 expressions. Therefore, two different molecular mechanisms mediated by FGF signaling pathways could regulate the specification of the anterior (utricular and saccular) and posterior (neglecta and lagena) maculae (see also Sánchez-Guardado et al. 2014) . Retinoic acid (RA) could regulate FGF activity in the developing otic epithelium. RA excesses and deficiencies lead to down-regulations of FGF3/FGF10 signaling molecules within the otic vesicle wall (Frenz et al. 2010; Cadot et al. 2012 ; see also Liu et al. 2008 for epithelial-mesenchymal interactions). The presence of putative sites in the Fgf3 and Fgf10 genes for a possible control by RA is consistent with those reports (Ohuchi et al. 2005) . In the chick, the expression of Raldh3 is first detected in the dorsomedial wall of the otocyst, in an area corresponding to the endolymphatic apparatus primordium (Sánchez-Guardado et al. 2009 ). Its expression extends ventrally to border the presumptive domain of sensory patches, defined at stage HH24 by the Fgf10 expression (Sánchez-Guardado et al. 2013) . Thus, RA could determine the specification of several sensory elements by the repression of Fgf10 expression and the consequent subdivision of the early sensory Fgf10-expressing domain. Therefore, the spatial and temporal relationship of the Fgf3, Fgf16, and Fgf10 expression patterns described in this work, together with other members of FGF family and RA, undoubtedly suggest their implication in an intricate molecular network leading to the maculae specification in the developing membranous labyrinth.
Specification of the auditory system
The basilar papilla, the organ of Corti in mammals, mediates hearing, which has no known counterpart in anamniote vertebrates (Fritzsch et al. 2013) . Once the otic vesicle is formed, the auditory system develops in the emergent cochlear duct, a ventrally growing expansion in the ventralmost aspect of the otic anlagen. Chick Fgf3 expression is detected in the ventral part, but not in the dorsal part, of the developing hindbrain, just in areas between contiguous rhombomeres (this work; Fig. 1a ; Aragón et al. 2005) . Hence, an FGF3 hindbrain-derived signal could regulate the specification of the adjacent portion of the otic anlagen, the incipient cochlear duct (Hatch et al. 2007) . SHH from the notochord and the developing hindbrain floor plate is also necessary for the correct ventral patterning of the chick and mouse inner ears (Riccomagno et al. 2002 (Riccomagno et al. , 2005 Bok et al. 2005 Bok et al. , 2007 . Therefore, FGF3 and SHH could cooperate to confer ventral otic identity onto the developing otic anlagen.
Fgf3 expression in the otic epithelium itself could also govern the specification of the ventral aspect of the otocyst in all vertebrate embryos (see the first part of this ''Discussion''). Although ventrally expressed otic genes are not affected in the otic vesicle of several Fgf3 mutants (Hatch et al. 2007) , the cochlear duct appears to be enlarged and incorrectly coiled (Mansour et al. 1993) , as well as severely misshapen or absent (Hatch et al. 2007 ). However, morphological studies of Fgf3 -/-/Fgf10 -/-mutant embryos show smaller or normal cochlear ducts (Zelarayan et al. 2007 ). These findings strongly suggest that FGF3 from both the hindbrain and the otic epithelium itself might be necessary, but not sufficient, for the specification of the ventral aspect of the otic anlagen. Other factors have to be involved in this developmental event. Those Fgf3-mutant morphological phenotypes are similar to that reported in Kreisler mice (Deol 1964) . Mouse Six1 expression in the ventral otic vesicle is necessary for the activation of Fgf3 and the maintenance of Fgf10 and Bmp4 expressions (Zheng et al. 2003) . In this sense, the inner ear phenotype of Six1-mutant mice is comparable to that of Shh-mutant mice, with a loss or restriction of ventral molecular marker and a lack of the cochlear duct (Riccomagno et al. 2002; Ozaki et al. 2004) .
Fgf3 expression has been reported in the developing auditory system during its later developmental stages (Wilkinson et al. 1989; Pickles 2001) . Mutations in Fgf3 are associated with syndromic deafness (Gregory-Evans et al. 2007; Tekin et al. 2007 Tekin et al. , 2008 Alsmadi et al. 2009; Riazuddin et al. 2011) . Consequently, FGF3 could also be involved in cell fate specification. In chick embryos, a dorsoventral band of Fgf3 expression was observed in the border of the developing Fgf10-positive basilar papilla at stages HH24-34 (this work). Concerning the Fgf16 gene, its expression was observed in the caudal aspect of the otic anlagen at stage HH24, partially overlapping the Fgf3 expression. Although this chick Fgf16 expression disappears at later developmental stages (HH34; this work), mouse Fgf16 expression has been detected in a small portion of the lateral margin of the cochlear duct, in which precursors of spiral prominence epithelial cells develop (Hatch et al. 2009 ). Therefore, FGF3 and FGF16 might cooperate in the early specification of the basilar papilla/organ of Corti and later cell differentiation in the hearing apparatus.
Specification of the cristae and semicircular canals
The cristae, and their associated semicircular canals, contribute to the codification of angular movements in all three cardinal planes. FGF3 could be directly involved in the induction and later specification of these components of the vestibular system. In zebrafish embryos, Mo-fgf3 injections cause lack of semicircular canal protrusions (Leger and Brand 2002) . In the mammalian inner ear, Fgf3 (int-2) expression has been reported to be expressed in all sensory patches, including the crista in the ampulla of each semicircular canal (Wilkinson et al. 1989 ; see also Pirvola et al. 2000) . In int-2 neo mutants, the posterior semicircular canal is very much reduced at E13.5, the other canals being dilated at E15.5 (Mansour et al. 1993) . Meticulous study of inner ear morphogenesis in Fgf3 mutant mice with different grades of genetic penetrance showed that, in addition to the endolymphatic apparatus anomalies, the anterior and posterior semicircular canals are absent or severally truncated, the associated ampullae being less affected (Hatch et al. 2007 ; see also Mansour et al. 1993 ). In addition, FGF3 and FGF10 might cooperate in the morphogenesis and differentiation of the semicircular canals: (1) Fgf10 knockout mice show a loss of the posterior crista and the posterior canal, as well as a deformation of the anterior and lateral cristae and smaller anterior and lateral canals (Pauley et al. 2003) ; (2) local production of both FGF3 and FGF10 might act on the contiguous FGFR2(IIIb)-positive nonsensory epithelia as paracrine regulators of morphogenesis (Pirvola et al. 2000) ; and (3) only a single rudimentary canal is developed in Fgf3 -/-/Fgf10 -/-and Fgf3 -/-/Fgf10 -/? mutant embryos (Zelarayan et al. 2007 ). In chick embryos, Fgf3 and Fgf19 expressions were observed in the borders of all cristae during development (this work and Sánchez-Calderón et al. 2007a ). Thus, chick FGF3/10/19 from the presumptive domains of the cristae could induce canal development, presumably by promoting Bmp2 expression in the adjacent primordial canal pouches (Chang et al. 2004 ).
FGF16 could also be implicated in the specification of the semicircular system. In the chick inner ear, an evident Fgf16 expression was detected early in a portion of the developing vertical and horizontal pouches (stages HH20, HH24, and HH27) and then in the proximal segment of their derivative semicircular canals (stage HH34). In the chick, the confrontation of the Fgf10-positive presumptive domains of all cristae, also expressing the Fgf3 gene (see above), and the strongly Fgf16-expressing contiguous areas strongly suggests a direct involvement of these three genes in the specification of these sensory areas versus their associated non-sensory elements (this work). Interestingly, Fgf16 could contribute to the outgrowth of semicircular primordial acting downstream of Fgf10, as it does in pectoral fin bud development by controlling cell proliferation in the mesenchyme and differentiation in the apical ectodermal ridge (Nomura et al. 2006) . Moreover, low levels of Fgf16 expression were observed in the developing cristae at HH20-24. MouseFgf16 expression is also present in all three cristae and in a portion of all adjacent semicircular canals (Hatch et al. 2009) . Surprisingly, Fgf16-deficient inner ears are structurally and functionally normal (Hatch et al. 2009 ), suggesting a redundant role of FGF16 with other members of the FGF family.
It has recently been reported that the lateral crista could be originated by de novo creation in a territory expressing the Serrate1 gene, just contiguous to the incipient Fgf10-positive macula utriculi (Sánchez-Guardado et al. 2013) . The strong Fgf19 expression observed in the clear-cut lateral border of the developing macula utriculi (Sánchez-Calderón et al. 2007a) , abutting the Fgf10-negative lateral crista (Sánchez-Guardado et al. 2013) , strongly suggested a possible cooperation of FGF family members in the specification of the two sensory patches, the lateral crista and the macula utricle, probably by setting up diffusion gradients that regulate positional identities of contiguous domains (Sánchez-Guardado et al. 2013) . The juxtaposition of the Fgf16-positive lateral crista and the Fgf3-positive macula utriculi, located side by side, just prior to the specification of the first Cath1-positive hair cells in the lateral crista (stage HH24; this work), strongly supports this hypothesis. The heterogeneous Fgf16 expression pattern observed at this level at stage HH27 (see short arrow in Fig. 3e ) fits well with this assumption. Since the horizontal canal and the lateral crista are considered new acquisitions in jawed vertebrates, the present finding could also be considered in an evolutionary scenario (Sánchez-Guardado et al. 2013 ; reviewed by Fritzsch et al. 2006 ).
Hair cell specification
FGF3 could be directly involved in hair/supporting cell commitment. Concerning the otic epithelium itself, mouse Fgf3 expression is present in developing sensory patches (Wilkinson et al. 1989; Pirvola et al. 2000) . In the chick inner ear, Fgf3 expression has also been observed in most of the sensory patches, except in the developing macula neglecta (this work). In the zebrafish otocyst, Fgf3 and Fgf8 are required for Atoh1 expression (Millimaki et al. 2007) , with Fgf3/Fgf8 strongly enhancing the capability to act in response to Atoh1 in the entire otic vesicle (Sweet et al. 2011) . Also, mis-expression of zebrafish Fgf3 in the rX of the hindbrain (rh5 plus rh6) is linked to the ectopic production of hair cells in the adjacent otic anlagen (Kwak et al. 2002) . A direct involvement of FGF3 and FGF10 in mechano-sensory organ specification has also been indicated (Pirvola et al. 2000 ; see discussion in Nechiporuk and Raible 2008) . However, int-2 neo mutants show a correct sensory differentiation in both vestibular and cochlear portions of the inner ear (Mansour et al. 1993) , suggesting the implication of other factors in this developmental event. Regarding the Fgf16 gene, very low levels of chick Fgf16 expression were detected in a short period of cristae development (stage HH20 and HH24) and in a longer period for the macula neglecta and macula lagena (from stage HH24 onwards) (this work). Therefore, more studies are necessary to resolve the involvement of FGF3 and FGF16 in hair-cell specification. In this sense, SOX7 is a potential activator of FGF3 , whereas SOX6 is a negative regulator (Murakami et al. 2001) . The relationship between FGF3 and GATA family members in the patterning of the otic anlagen should be considered in future descriptive and experimental studies (Sinkkonen et al. 2011) .
The formation of the acoustic-vestibular ganglion
Fgf3 is expressed in the neurogenic region of the otocyst and in the developing acoustic-vestibular ganglion (AVG) at least in mouse and chick embryos (McKay et al. 1996; Pirvola et al. 2000; Powles et al. 2004; Lillevali et al. 2006; Hatch et al. 2007; Frenz et al. 2010; this work -/-mutant mice do not display any defects in neuroblast specification from the otic epithelium (Vazquez-Echeverría et al. 2008) , FGF3 from the otic epithelium itself, as well as from the developing hindbrain, seems to be insufficient to govern otic neurogenesis. Fgf3 and Fgf10 are co-expressed in the neurogenic region of the otocyst (Pirvola et al. 2000; Wright and Mansour 2003; Hatch et al. 2007; Sánchez-Guardado et al. 2013; this work) . Compensation between FGF3 and FGF10 should, therefore, be considered (Pirvola et al. 2000; see also Á lvarez et al. 2003; Alsina et al. 2004; Vazquez-Echeverría et al. 2008) . However, morphological studies of Fgf3 -/-/ Fgf10 -/-mutant embryos have shown an apparently normal acoustic-vestibular ganglion (Zelarayan et al. 2007 ). The participation of other FGF signaling pathways in AVG formation need to be tested (Fgf8, Sánchez-Calderón et al. 2004; Fgf19, Sánchez-Calderón et al. 2007b ; Fgf16, this work for the acoustic ganglion).
Many transcription factors might participate in otic neurogenesis. Fgf3 and Lfng are co-expressed rostroventrally in the mouse otic vesicle (Morsli et al. 1998; Riccomagno et al. 2002; Ozaki et al. 2004; Raft et al. 2004; Hatch et al. 2007 ). Six1, together with Eya1, might control the initial selection of neuroblast precursors by the regulation of Fgf3 expression, as well as other neurogenic markers, such as Ngn1 and Neurod1 (Zheng et al. 2003) . Thus, Fgf3 was absent in the Six1-deficient otic vesicle (Ozaki et al. 2004) . In Tbx1null mutants, the expression domain of Fgf3 loses its normal anterior restriction in the otocyst and expands into more posterior regions (Raft et al. 2004; Arnold et al. 2006 ). Besides, a medial expansion of Fgf3 expression in the otocyst is clearly observed in dreher mutant mice, as well as the corresponding alteration of otic neurogenesis through an increased number of vestibular neuroblasts (Koo et al. 2009 ). Therefore, further studies are necessary to better comprehend the involvement of FGF and transcription factors in the formation of the acousticvestibular ganglion.
